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Abstract 
To enhance the production of bioactive compounds efficiently from filamentous fungi, the secondary metabolism was 
activated by genetic engineering. laeA gene which is regarded as a global regulator of secondary metabolism in 
filamentous fungi was introduced into five strains of entomopathogenic fungi Cordyceps militaris. Since there was no 
reported transformation systemin in C. militaris, this research aimed at establishing the transformation system in this 
species. Benomyl and its resistance gene were adopted as a marker system to facilitate the introduction of laeA 
fragments into C.militaris under the control of Bauveria bassiana pGPD promoter. The minimum inhibitory 
concentration of benomyl against C.militaris was 1.5 μg/ml and a transformation efficiency of 7 colonies/μg DNA 
was obtained by the protoplast-PEG method with the vector pBT6, containing the benomyl resistance gene. Southern 
analysis of the transformants confirmed that pBT6 exists as an integration vector, and laeA integrated in the genome 
at random. The observation of the changes in metabolism of laeAtransformants was conducted using HPLC equipped 
with photodiode array method. The transformants harboring heterogeneous laeA showed enhanced productivity of 
secondary metabolites, compared to their wild type strains. 
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1. Introduction 
C. militaris is one of entomopathogenic fungi (EF) which infects and proliferates on or inside the 
surface of insects. Despite its natural role as biological control agent against pest insects, this mushroom 
produce an important bioactive compound, cordycepin(3-deoxyadenosine), which is a nucleoside 
analogue [1]. Cordycepin is reported to possess many interesting biological and pharmacological 
activities, including immunological stimulating, anti-cancer, anti-virus and anti-infection activities [2]. In 
addition, the fruiting bodies of C. militaris that emerge from the corresponding host insects have been 
recognized to be effective in promoting overall human vitality and longevity by strengthening the 
immune system, and have been used for more than 1000 years as an herbal medicine, in Asia [3]. 
Despite the fact that secondary metabolites of C. militaris are of intense interest to humankind due 
to their pharmaceutical and/or toxic properties, the search for its novel bioactive compounds can be time 
consuming and laborious. This is because in the laboratory cultivation condition, the production of 
secondary metabolite can be very slow. For filamentous fungi it is also known that the expression of genes 
are highly dependent on cultivation condition, so it is thought that most of genes are not expressed under 
normal cultivation condition [4,5]. Moreover, activating the improvement system of secondary 
metabolism gene expression in these fungi is necessary required. By using genetic engineering of global 
regulator of secondary metabolism can be a promising method to overcome this obstacle. Recently, laeA 
is found to be a global regulator of secondary metabolisms in several genera of filamentous fungi that 
produces enormous bioactive compounds [6]. Thus, LaeA has been widely used to study the secondary 
metabolism in many filamentous fungi [7]. One of key factors of a successful genetic engineering process 
is the transformation system. Since there was no reported transformation system in in C. militaris, this 
research aimed at establishing the transformation system, and enhancing the production of secondary 
metabolites in this species. 
2. Materials and methods 
2.1. Strains and culture conditions  
Five strains of C. militaris (HF 374-1, HF 432-1, HF 432-2, HF 438, and CM 001-5) from 
agricultural area in Japan and South Korea were used in this experiment. Strains were grown on PDA 
plate for 7-to-10-days before submerged cultivation. PDB medium was used for genome DNA extraction 
or preparing protoplast. Escherichia coli  
 
2.2. pBT6+laeA Vector Construction 
Construction of vector pBT6+laeA (bearing Benomyl resistance gene) was conducted as follows. 
The Pgpd-A.n laeA cassette was obtained from pAN26+PBbgpd-A.n. laeA-TtrpC by digestion with 
BamHI, followed by T4 DNA polymerase reaction. Vector pBT6 was digested with PstI and reacted with 
T4 DNA polymerase. Blunt-ended Pgpd-A.n laeA cassette was inserted into the blunt-ended PstI site on 
pBT, making pBT6+laeA.  
 
2.3. Transformation of C. militaris with pBT6+laeA 
C. militaris was transformed by the protoplast-PEG method as described previously [8] with the 
following modifications. Three pieces of C. militaris mycelium mat (about 1 cm2 with agar) from 7-to-10-
day plate culture was inoculated to 100 ml of PDB medium in a 500-ml Erlenmeyer flask and cultivated 
at 160 rpm for 36 h at 28oC. The collected mycelia were converted to protoplast by incubation in 20 mM 
MES buffer [pH 6.0 with KOH] containing 0.8 M KCl, 10 mg Yatalase/ml (Takara Bio), 10 mg 
Usukizyme/ml (Kyowa Chemical Products Co), and 10 mg Lysing enzyme from Trichoderma 
harzianum/ml (Sigma-Aldrich). After incubation at 30oC for 4.5-5 h, the collected protoplasts were 
washed with 0.8 M KCl and suspended in Solution I (0.8 M KCl, 10 mM CaCl2, 10 mM Tris-HCl [pH 
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8.0]). Plasmid pBT6+laeA (42.25 μg in 10 l) was mixed with 100 l protoplast of C. militaris, followed 
by addition of 1 ml of Solution 2, consisting of 50% (w/v) PEG 4000, 50 mM CaCl2, and 50 mM Tris-
HCl [pH 8.0]. The resulting mixture was spread on PDA medium containing 0.8 M KCl and 2 μg 
benomyl/ml, overlaid with 10 ml of 0.8% PDB soft agar supplemented with 0.8 M KCl and 2 μg 
benomyl/ml and then incubated at 28oC for 5-10 days. 
 
2.4. Phenotypic analysis of transformants (secondary metabolite profile) 
All strains were cultivated in 30 ml of A3M, SMY, PDB, medium 2, and medium 6, for 14 days 
under static or shaking conditions (28oC, 120 spm). Three ml of supernatant was taken and extracted with 
the half volume of n-butanol. One hundred l of extracts was analysed with HPLC by monitoring at 210 
nm and 290 nm with DAD.  
 
3. Result and Discussion 
3.1. Construction of Transformation System in C. militaris 
To convert C. militaris to higher producer by genetic modification, transformation system of five 
strains of C. militaris was constructed. Drug resistance tests were performed against aureobascidin (2-4 
μg/ml), hygromycinB (200-600 μg/ml), and benomyl (2-4 μg/ml)using spore and protoplast, revealing 
that the candidate strains are sensitive only to benomyl at more than 2μg/ml. Benomyl and its resistance 
gene were adopted as a marker system to facilitate the introduction of laeA fragments into C.militaris 
under the control of Bauveria bassiana pGPD promoter.  
 
  
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Southern blot analysis of C.militarislaeA transformants.(A) 720 bp probe was obtained from PCR amplified fragment with 
pGPD 2F and AnlaeA 3R primers using pBT6+laeA plasmid as the template. (B) Southern blot analysis was carried out against 20 
μg of HindIII-digested genomic DNA using PCR fragment (pGPD 2F and AnlaeA 3R primers) from pBT6+laeA plasmid as the 
probe, both in first batch of transformation (above) and second batch of transformation (below). Lanes: M, : - EcoT14I marker; 1, 
HF 374-1 wild type; 2, 3C; 3, 3D; 4, CM 001-5 wild type; 5, 0A; 6, 0B; 7, 0C; 8, 0D; 9, 0E; 10, 0G; 11, 0H; 12, HF 438 wild type; 
13, 43B; 14, HF 374-1 wild type; 15, 3F1 (old culture); 16, 3F2 (new culture); 17, 3H; 18, 3G; 19,-; V, vector pBT6 +laeA. 
 
(A) (B) 
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The minimum inhibitory concentration of benomyl against C.militaris was 1.5 μg/ml. After 
converting the mycelium to protoplast, pBT6 containing benomyl resistant gene (reference) was 
introduced into C. militaris. Five out of eights candidate strains, HF 374-1, HF 432-1, HF 432-2, HF 438, 
and CM 001-5 could be transformed. A transformation efficiency of 7 colonies/μg DNA was obtained by 
the protoplast-PEG method with the vector pBT6, containing the benomyl resistance gene. Southern 
analysis of the transformants confirmed that pBT6 exists as an integration vector, and laeA integrated in 
the genome at random. 
 
3.2. Phenotypic analysis of transformants  
 
The genotype of transformant candidates was confirmed by Southern hybridization analysis, 
revealing that eight laeA transformants were totally obtained from three out of five parental strains: 3C, 
3D, 3F, 3H (from HF 374-1); 43B (from HF 438); 0A, 0C, and 0D (from CM 001-5).  
To observe the effect of laeA introduction on the secondary metabolites production, all 
laeAtransformants were cultivated and their culture extracts were profiled by means of High Performance 
Liquid Chromatography (HPLC) analysis. The profiles revealed that 5 out of 8 laeAtransformants (3F, 
3H, 43B, 0C, and 0D) could produce newly emerged or highly accumulated compounds, compared to the 
wild-type strains. Among these compounds, the metabolites of 3F, 3H, and 0C were further examined to 
determine the structure because of high reproducibility. 
 
Analysis by HPLC equipped with a photodiode array detector (DAD), displayed that some of these 
transformants produced newly emerged or highly accumulated compounds, compared to the wild-type 
strain. Particularly in transformants 3F, two relatively high peaks were reproducibly observed when A3M 
medium supplemented with Sanagiko was used, whilst the corresponding peaks did not appear in the 
wild-type strain. By comparison with our in-house database, these two compounds were estimated to be 
members of beauvericin, which is a common compound within genus Isaria [9]. 
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Fig. 2. Production of newly emerged compounds in laeAtransformant 3F from HF 374-1. Both wild type strain (3WT) and 
transformant (3F) were cultured in A3M, YPD, and medium 6 (all supplemented with Sanagiko). In each medium, HPLC profile of 
wild type strain is shown in upper chart, whilst HPLC profile of the transformant 3F is shown in below part. UV spectrums of each 
compound produced by transformant 3F are shown in right part. 
 
 Transformants 3H produced two compounds, designated as compound 6 and compound 7 
reproducibly. Both compounds were detected at 7th day of cultivation in YPD medium supplemented with 
Sanagiko under shaking condition. Compound 6 eluted at 24.9 min possessed UV spectrum in 210 and 
230 nm, whereas compound 7 eluted at 30.7 min in 273 and 278 nm (Fig.3).  
B) YPD + Sanagiko 
C) Med. 6+ Sanagiko 
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Fig. 3. Production of newly emerged compounds in laeAtransformant 3H from HF 374-1. Both wild type strain (3WT) and 
transformant (3H) were cultured in YPD medium supplemented with Sanagiko. HPLC profile of wild type strain is shown in upper 
chart, whilst HPLC profile of the transformant 3H is shown in below part. UV spectrums of each compound produced by 
transformant 3H are shown in right part. 
 
Transformant 0C produced compound 8 in A3M medium at 6th and 9th day of cultivation under 
shaking condition (fig.4), which was eluted at 6.67 min and possessed an absorption maximum at 210 and 
258 nm. The data for all of these compounds were summarized in table 1. 
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Fig. 4. Production of newly emerged compound in laeAtransformant 0C from CM 001-5. Both wild type strain (0WT) and 
transformant (0C) were cultured in A3M. HPLC profile of wild type strain is shown in upper chart, whilst HPLC profile of the 
transformant 0C is shown in below part. UV spectrum of compound produced by transformant0C is shown in right part. 
 
Table 1. Compounds production of laeAtransformants under several medium tested. 
Transformant A3M  A3M+S  YPD+S  Med.6+S  
3F  
(from HF 374-1) 
 (1) 24.9 min (2) 25.8 min 
max: 210 nm end abs. 
(3) 23.7 min 
max: 210 nm end abs. 
(4) 30.7 
max: 273, 278 nm 
(5)22.9 min 
max: 210, 258 nm 
3H  
(from HF 374-1) 
   (6)24.9 min 
max: 210 ,230 nm 
(7)RT: 30.7 
max: 273, 278 nm 
 
0C  
(from CM 001-5) 
(8) 6.67 min 
max: 210 , 258nm 
   
Judging from the results of metabolites analysis of laeAtransformants, it could be concluded that 
the heterologous expression of laeA in C. militaris could enhance the secondary metabolite production. In 
this study, the enrichment of LaeA, a global regulator of secondary metabolites production in filamentous 
fungi, in C. militaris has been proved to enhance the production of secondary metabolites in 5 strains of 
C. militaris. Three strains among them, C.militaris HF 374-1, HF 438, and CM 001-5 could produce 
newly emerged or highly accumulated compounds, compared to the wild type strains. Therefore, it can be 
concluded that LaeA from A. nidulans can be effectively functioned beyond genus of fungi and can 
activate the secondary metabolism in entomopathogenic fungus C.militaris. 
The overall study demonstrated the advantage of the genetic engineering to activate the 
production of secondary metabolites in entomopathogenic fungi, especially in C. militaris, leading to 
pioneer the enormous potential of these fungi for humankind and environment.  
UV- spectrum 
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